Abstract Combating unhealthy weight gain is a major public health and clinical management issue. The extent of research into the etiology and pathophysiology of obesity has produced a wealth of evidence regarding the contributing factors. While aspects of the environment are 'obesogenic', weight gain is not inevitable for every individual. What then explains potentially unhealthy weight gain in individuals living within an environment where others remain lean? In this paper we explore the biological compensation that acts in response to a reduced energy intake by reducing energy needs, in order to defend against weight loss. We then examine the evidence that there is only a weak biological compensation to surplus energy supply, and that this allows behavior to drive weight gain. The extent to which biology impacts behavior is also considered.
Introduction
It is a common phenomenon in many parts of the world for body weight to be gained over the adult years. In the past half century the prevalence of excessive unhealthy weight gain has markedly increased in many parts of the globe [1], and has frequently been attributed to a lack of daily physical activity, and to the abundance of inexpensive, palatable and energy-dense foods [2] . There is no question that the environment plays a critical role in determining whether or not an individual is in a situation where they have the possibility of being in energy surplus, or positive energy balance [3] [4] [5] . We are able to view first-hand, or for most of us via our television screens, the consequences that befall communities such as those in Sub-Saharan Africa which experience continued famine. Without adequate energy intake, body weight cannot be maintained, let alone gained. Therefore, we can acknowledge the credence in the First Law of Thermodynamics, and note that for energy to be stored in the body tissues and for body weight to be gained; we must have an energy surplus to be stored. So moving beyond this basic tenet, what factors most strongly contribute to weight gain in individuals in the environmental circumstance where there is the opportunity to be in positive energy balance?
Causes of Chronic Positive Energy Balance -a Complex Roadmap
In addition to specific monogenic disorders [6, 7] that can lead to excessive weight gain from the first few months of life, a range of candidate genes have been identified which may mediate metabolic processes responsible for body weight regulation, and possibly may even explain propensity for weight gain [8] . Furthermore, there are a range biological factors which may, or may not be mediated by genetic predisposition, which impact on energy balance status in adults. These include, but are not restricted to: resting energy expenditure (REE), movement economy, body composition, meal-induced thermogenesis, appetite control and satiety, adipocyte metabolism, nutrient partitioning, gastrointestinal signaling, epigenetic factors, infection, emotional state and stress, and sleep quality [5, [9] [10] [11] [12] [13] [14] [15] [16] .
Additionally, there is evidence for behavioral factors that predispose an individual to a positive energy balance, and may be broadly categorized as energy intake (food and beverage consumption), level of physical activity and body movement, sleep habits, smoking, use of pharmaceutical and surgical treatments [5, 13, [17] [18] [19] [20] .
Rather than being an "either/or" situation, the 'drivers' for whether or not a person is in positive energy balance (largely environmental and behavioral) coexist with the 'determinants' of the amount of weight gained per unit positive energy balance (largely biological or metabolic). Further, the major drivers of positive energy balance, and the determinants of body weight gain, may not have the same potency of effect on energy storage and weight gain for all individuals. Despite considerable concerted research effort, what remains under debate is which factor(s) beyond the environment per se, has the strongest contribution to weight gain.
Balancing the Energy Budget
Weight stability requires that over time energy expenditure matches energy intake. When energy intake matches energy expenditure, the individual is in energy balance and consequently weight is stable (Energy Intake 0 Energy Expenditure ⇒ Energy Balance ⇒ Stable Energy Stores ⇒ Weight Stability). Importantly, weight stability per se can be achieved in chronically underweight, normal weight, and overweight conditions, albeit with considerable variability in the energy flux [21] . The energy balance equation correctly indicates that a change in either intake or expenditure will result in a concomitant change in energy stores and thus body weight. However, the equation belies the complexity of the numerous exchanges and transactions taking place within the individual who can experience large day-to-day fluctuations in energy intake and expenditure, and yet maintains longterm weight stability [22] . Consequently, due to the dynamic nature of the system, the model is more accurately explained as: Rate of change of energy stores 0 Rate of energy intake -Rate of energy expenditure [23] .
Although less detailed than the Foresight Obesity Systems Atlas [5] , we have provided in Fig. 1 a simple model of the factors which determine body weight and composition. This model demonstrates the main biological (metabolic/physiological in grey) and behavioral or non-biological (in white) factors that explain daily energy expenditure and energy intake. In addition to activity energy expenditure (AEE), diet induced thermogenesis (DIT), and REE, there are other biological factors which can impact on daily energy expenditure in certain people and under particular circumstances.
For example the additional energy costs of pregnancy and body temperature regulation in the cold. Daily energy intake is largely determined by the composition and frequency of consumption, which is in turn influenced by food availability (environment) and affective factors such as food preference and imposed restraint. Importantly though, energy intake is also impacted by the biological signals of hunger and satiation. Both biology and behavior are, to varying degrees, influenced by genetic predisposition and the environment. It is accepted that interactions exist between the factors; however the relative contribution of each to body weight regulation remains unclear.
Both the energy balance equation and our model are true to the first law of thermodynamics [24] , however neither can fully capture the mechanisms through which an acute, short-term change in energy balance does not result in the expected change in body weight. In part, this may be attributed to the fact that even when energy intake is precisely controlled, we do not have measurement tools sensitive enough to measure the change in energy expenditure or body energy stores that occur over a few days [25] . In terms of longer-term energy imbalance, there remains much uncertainty as to which factors account for why the weight change per unit energy excess or deficit is not uniform , [22, [26] [27] [28] [29] [30] . It is well accepted that a priority of all organisms is to maintain a stable internal environment in the face of variation in the external environment. The concept of 'homeostasis' as proposed by Claude Bernard was that: "All the vital mechanisms, varied as they are, have only one object, that of preserving constant the conditions of life". With regards to body weight regulation, we must consider what constitutes the "vital mechanisms", and how these are altered by a change in energy balance. Further, if we consider that the term homeostasis refers to the body's capacity to maintain balance in the presence of continual environmental variation, we may consider the prefix "homeo" to mean similar rather than same (i.e., homo). This infers there is a range of tolerable values within which the system can operate without undue challenge to health. For example body temperature of adults is not static at 37°C, but rather normally fluctuates about 0.5°C (0.9°F) throughout the day, and can range a few degrees before health is challenged. With regards to energy metabolism and body weight regulation, we need to consider if there is a threshold of change in energy intake (under-consumption and overconsumption) that needs to be reached before this change is registered and compensatory responses instigated. Further, if this does occur, what is the nature of the compensatory response(s) -biological or behavioral; and if both, is there a causal association?
Metabolism Acts to Limit Losses in Body Weight (Energy Stores)
Heal et al. [12] note that given that the maintenance of a balance between energy intake and expenditure is essential for survival, these physiological processes are regulated by a complex network of peripheral and central signaling pathways. However, signals related to energy depletion may be stronger than those from excess energy stores [31] . Biological compensatory responses are elicited when energy restriction is imposed, essentially acting to reduce energy expenditure [32] , which in turn reduces the energy deficit and can reduce the weight lost [33] . It is well accepted that resting energy expenditure (REE), which constitutes the largest proportion of total daily energy expenditure, decreases substantially during energy restriction even before significant weight loss has occurred [34] [35] [36] [37] . Other energy restriction studies demonstrate rapid alterations in gene expression of enzymes regulating cellular metabolism, and that these changes occur in response to changes in energy intake per se rather than as a consequence of weight loss [38, 39] .
It has been repeatedly shown that by the end of prolonged continuous (12-14 week) energy restriction, the energy deficit elicits as little as 60 % of the expected change in body weight and fat mass [9, 26, 27, 40] . We have recently reported that reductions in REE explained a large proportion of the less-than-expected weight loss in obese adults, and that this is already evident early in the energy restriction period (i.e., within the first 4 weeks) [30] . In this same cohort we found that the relationship between REE and body composition was strongly affected by energy restriction [41] . Over the 12 weeks of severe energy restriction and exercise training, 9.3±3.3, 5.1±1.3 and 4.2±1.4 kg of weight was lost in months 1, 2, and 3, respectively. Fat-free mass explained 75 % of the between-individual variance in REE at baseline, with fat mass explaining a further 13 % (model R 2 00.88). A comparable model was found at the completion of the intervention (R 2 00.89). However markedly more variance in REE could be explained by fat-free mass and fat mass after month-1 (R 2 00.96) and month-2 (R 2 00.95) of energy restriction. These findings suggest that compared with energy balance, resting thermogenesis during energy restriction is more strongly associated with the energy needs of body tissues, and energy expenditure superfluous to servicing these tissues is reduced. Given the relative energy deficit from baseline requirements was severe (74-87 %), we would expect marked metabolic compensation in reducing energetic support to the non-vital mechanisms.
The effect of energy restriction to reduce REE, and increase the efficiency of weight loss, may be mediated in part by neuroendocrine pathways [42] . For example, energy restriction leads to reduced function of the hypothalamopituitary-thyroid and possibly also the -gonadotropic axes, indicated by reduced circulating concentrations of thyroidstimulating hormone, functional thyroid hormones (e.g., free triiodothyronine or T3 and free thyroxine or T4) [43] [44] [45] , follicle-stimulating hormone, luteinizing hormone, and testosterone [44, 46] , as well as reduced circulating insulin-like growth factor-1, plus increased function of the hypothalamo-pituitary-adrenal axis, indicated by elevated circulating adrenocorticotropic hormone and cortisol concentrations [32, 34] . The homeostatic drive to eat (i.e., hunger) is a well established response to acute and chronic energy restriction. The orexigenic response to energy restriction and weight loss is the body's protective mechanism to prevent an indefinite weight loss. Fasting hunger Fig. 1 Determinants of body weight and body composition. TEE 0 total energy expenditure; REE 0 resting energy expenditure; DIT 0 dietary induced thermogenesis; AEE 0 activity energy expenditure; ExEE 0 exercise energy expenditure; NEAT 0 nonexercise activity thermogenesis; Other 0 factors such as nonshivering thermogenesis significantly increases in association with a loss in body weight [47] , and also increased acutely with energy restriction before appreciable weight loss [48] . Furthermore, hunger is a strong predictor of energy intake [49, 50] , therefore a compensatory increase in the drive to eat in response to energy deficit and consequent weight loss will contribute to a resistance to continued weight loss, or even promote weight regain. Indeed, the weight loss-induced increase in hunger is a significant predictor of subsequent weight regain in humans [51] and in diet-induced obese rats [52, 53] .
While automatic physiological compensation occurs during energy restriction, behavioral compensatory reductions in physical activity may also contribute to lowering daily energy expenditure, which may ultimately constrain weight loss. Activity energy expenditure (AEE) is a function both of the total amount of physical movement as well as the efficiency, or energy cost, per unit of that movement. Physical activity [20, 54] and the energy cost of movement [55, 56] reduce during energy restriction. In humans, compensatory decreases in AEE in response to energy restriction and/ or exercise training [17, 55, 57] , can equate to >175 kcal/ day, with evidence of greater reductions in AEE with more severe energy restriction [55] . In mice, differences in physical activity accounted for a significant amount of the variance in weight loss in a study where energy was restricted to 70 % of baseline energy intake for 28 days [58] . The mice losing more weight had increased, and the mice losing less weight decreased physical activity levels.
Collectively the results presented above paint a picture of a biologically-driven and behaviorally-effected system working to counteract the negative energy balance imposed. Over the months that continuous energy restriction interventions are typically used, these reductions in resting and activity thermogenesis, increased hunger, and reduced movement likely contribute to significantly reduced weight loss efficiency. While the hypothalamus is recognized as the "master controller" driving the biological compensatory responses [59] , the extent to which these signals are responsible for driving the behavioral compensatory responses is uncertain. Parker and Bloom [14] provide a compelling case that neuropeptides are involved in the regulation of appetite. However, they are duly cautious to note that while there is evidence that a given neuropeptide activates certain regions of the brain, or regulates the expression or release of other neuropeptides, there is not the evidence to show how the release of a peptide leads to the complex behavioral response of feeding.
Although no research using appropriately sensitive methods has quantified the magnitude of effect of biology and behavior, it is likely that the defense is orchestrated by biological signals. The key intracellular signaling protein AMP-activated protein kinase (AMPK) may serve an important role in regulating the skeletal muscle response to negative energy balance because it functions as a fuel sensor in many tissues, including skeletal muscle, and inhibits anabolic signaling pathways when cellular ATP levels are decreased and AMP levels increase in response to limited energy availability [60] . To date there have been limited in vivo human studies assessing intracellular regulation of skeletal muscle protein metabolism in response to negative energy balance [61] , however it is likely this intracellular signaling protein may explain differences in weight loss efficiency .
These combined compensatory responses represent a multi-pronged defense of energy stores which, through its effectiveness, has enabled humans (and other organisms) to survive numerous famines over the millennia. The biological imperative of such metabolic compensation during negative energy balance, and particularly with severe energy restriction, was recognized in 1950 by Ancel Keys who noted: It might seem entirely reasonable that the energetic processes of the body diminish in intensity as the exogenous food supply is reduced. It is reasonable in the sense that a wise man will reduce his expenditure when his income is cut [36] . What remains unclear from the available evidence is whether there is a lower threshold of energy restriction (or macronutrient restriction, e.g., protein) to which the cavalry is rallied to defend. Finally, if the body uses inbuilt homeostatic mechanisms to defend against ongoing energy restriction and weight loss, to what degree are these same mechanisms driven to limit weight gains by countering a positive energy balance?
To What Degree Does Genetic Predisposition Predict Weight Gain?
Why do some individuals gain weight in an obesogenic environment, while others don't? As previously mentioned there are a number of monogenic disorders that are responsible for obesity [6, 7] . However, monogenic disorders are rare, and the potency of this effect should not be extrapolated to infer that weight gain in the vast majority of obese individuals is primarily caused by genetics. Loos [8] recently examined evidence of the genetic determinants of common obesity from genomewide association studies (GWAS), and their value in predicting weight gain. At least 52 genetic loci have been identified that are considered unequivocally to be associated with obesity-susceptibility. However despite highly significant associations and repeated replication, Loos noted that "the effects of the established loci on obesity-susceptibility are small and explain only a fraction of the total variance," and that "the ability of these loci to predict obesity is poor and not competitive with the predictive ability of traditional risk factors such as parental and childhood obesity."
The 32 loci which most strongly related to obesity combined explained only 1.45 % of the phenotypic variation in BMI, equivalent to 24 % of the heritability [8] . Importantly, having or not-having a genetic loci is only part of the picture; there is also the requirement of being in an environment that will support the full expression of the genotype. However, given the environments where the GWAS studies have been conducted are likely very supportive of energy surplus, there appears to be considerable phenotypic plasticity [62] . A better understanding of the physiological pathways that may be regulated by particular genetic loci is needed.
Genetic predisposition to weight gain has also been examined via studies of monozygotic twins. In their highly-controlled metabolic ward study, Bouchard et al. [9] reported considerable inter-individual differences in weight gain after overfeeding (1000 kcal/day, 6 d/wk, 100 d), with three and a half times more variance in weight gain between pairs than within twin-pairs. These results provided evidence that being genetically similar, related to a more similar response to surplus energy consumption. While a seminal finding, it is important to remember that the male participants were all lean, with no family history of obesity, so were not considered at risk for obesity. Despite their phenotype at baseline, over the 84 days of overfeeding and remaining sedentary, all participants gained weight, with the average weight gain of 8.1 kg (range: 4.3 to 13.3 kg). Further, it was calculated that the weight gain attained in the experiment reached about 55 % of the anticipated weight gain had that same level of overfeeding been continued [63] . From baseline to the end of the intervention, body weight increased on average 13.4 %, body fat increased from 11.3 % to 17.8 %, and BMI increased from 19.7 to 22.4 kg/m 2 . Had the intervention continued at this, now reducing, relative overload, on average weight would have increased~24 % from baseline, BMI would have been bordering overweight (~25 kg/m 2 ) and body fat would likely have increased above 30 %. These data further support the opposition [24] to the idea that certain individuals have the capacity to completely 'burn off' surplus energy, i.e., luxuskonsumption. In this study, the dietinduced thermogenesis was not modified by overfeeding. Further, while the intra-pair resemblance in response was particularly strong for changes in body mass, body composition, subcutaneous fat distribution and abdominal visceral fat, two long-term intervention studies showed no genetic influence on variations in REE [64] . Importantly, the increase in REE of~10 % was largely explained by the change in body composition [65, 66] , and the absolute increase would account for only~15 % of the surplus energy consumed.
We may strongly argue from this data that in an environment supporting energy surplus, with behaviors exploiting these surplus, normally lean individuals can gain significant weight without genetic or biological protection. This is in contrast to the previously outlined research demonstrating the pervasive biological protection against energy restriction acting to mediate weight loss, albeit that the extent to which may be explained by
Epidemiological studies have reported a U-shaped relationship between birth weight and adult adiposity, with a higher prevalence of adult obesity occurring in individuals with birth weights either at the low or high end of the birth weight distribution [67] . The 'developmental origins of adult health and disease' hypothesis was born from epidemiological research which found that early inadequate nutrition, either in utero or in infancy, was predictive of long-term weight gain and metabolic dysfunction [68, 69] . Research using sheep models have demonstrated that exposure to maternal overnutrition in the periconceptional period alone results in an increased body fat mass in the offspring, and that a short period of dietary restriction can reverse this effect [70] . Other research has shown that altering the protein intake in the diet of heifers during gestation has permanent sexand depot-specific effects on the expression of adipogenic and adipocytokine genes and offspring adiposity [71] . In addition to the in utero environment during gestation, periconceptional health status of both parents is recognized as impacting on fetal development and its longer term weight gain and chronic disease risk [72, 73] . Given the significant weight loss many obese women undertake in the quest for improved fertility, it is critical to understand the metabolic and developmental consequences of the often severe caloric restriction experienced by these women on oocyte and later fetal development [72] .
Influence of Biology and Behavior on Weight GainCentral Characters or Supporting Cast?
The evidence provided above supports the premise that the signals related to energy restriction may be stronger than Mildly increased irisin levels in the blood cause an increase in energy expenditure in mice with no changes in movement or food intake.
The idea of a magic pill/injection substitute for exercise training has its attractions, particularly to aid individuals with movement disability. Apart from mirroring the elevated energy expenditure, the possibility that irisin can also mediate improvements in glucose homeostasis, is promising. However, exercise benefits are multifaceted, and usually require a progressive overload to prevent a plateau and to maximise health outcomes. Whether irisin dosage would need also to be progressively overloaded, and if any of the other functional benefits of exercise can be gained with irisin, remains to be seen.
Elks et al. [91•]
A longitudinal British birth cohort was genotyped for 11 genetic variants associated with adult BMI. The obesityrisk-allele score showed borderline significant association with birth weight and with higher weight and BMI at all time points between ages 2 and 53 y; the strongest associations with weight occurred at ages 11 and 20 y.
The combined influence of adult obesity susceptibility variants on increased rate of weight gain was confined to the first 11 y of life rather than continuing into later adolescence and adulthood. However, differences in BMI continued to track throughout adult life, which may suggest persistence of their effects on energy homeostasis. Importantly though, the effect is arguably small, with the risk-allele score explaining only 1.6% of the variance in weight SD score.
Faghihnia et al. [92•] Alterations in energy substrate partitioning or efficiency
were assessed by indirect calorimetry in men with Atherogenic lipoprotein phenotype (ALP+) and unaffected controls (ALP−) during rest (30 min) and exercise (10 min). Respiratory exchange ratios (RER) were significantly higher and lipid oxidation lower in ALP(+) vs. ALP(−) during rest and exercise. Gross and net efficiencies were significantly increased in ALP(+). RER was correlated positively with plasma triglyceride during exercise and inversely with HDL-cholesterol and LDL peak particle diameter during rest and exercise.
These findings suggest that increased muscular efficiency at low exercise intensity and reduced lipid oxidation during rest and exercise may contribute to both dyslipidemia and increased adiposity in individuals with ALP. Metabolic inflexibility is impairment in the ability to switch between carbohydrate and fat oxidation when a metabolic stress is imposed (e.g., alteration in nutrient availability or exercise). However, fat oxidation, both at rest and during exercise, may be improved by exercise training. This study may provide further impetus to encourage exercise training, particularly for those who are ALP(+). Tomiyama et al. [93•] This study examined whether leptin reactivity accounts for individual differences in stress eating. Increasing leptin during an acute psychological laboratory stress test predicted lower intake of comfort food. Acute changes in leptin may be one of the factors modulating down the consumption of comfort food following stress.
Stress is known to alter feeding responses in a bidirectional pattern, with both increases and decreases in intake observed. This study documented the heterogeneity of leptin responses to acute stress. Increases of circulating leptin concentrations during a psychological stress task predicted less consumption of high fat, high sugar foods. This suggests that leptin reactivity may be implicated in reducing stress-induced eating behavior. Whether the laboratory challenge reflects the responses to constant life stressors requires further investigation. Vijgen et al. [94•] This study examined if brown adipose tissue (BAT) can be recruited in adult humans, by observing BAT activity in ten morbidly obese subjects before and after weight loss induced by bariatric surgery. The mean weight loss was 36.1 ± 8.3 kg with a mean percentage of weight loss of 28.7 ± 6.2%. While before surgery only 2/10 showed active BAT, this increased to 5/10 12-months postsurgery. After weight loss, BAT-positive subjects had significantly higher non-shivering thermogenesis (NST) compared with BAT-negative subjects.
The results suggest that BAT was recruited in the regions in which it was previously reported in lean subjects. However, the BAT activity observed in this study was low in comparison with the levels observed in lean young men. Further, it was not clear what other biological characteristics differed between the BAT-positive and BAT-negative participants. How the change in NST reported in this study would affect daily energy expenditure under usual thermal exposures was not clear, however this research may open avenues for the pharmacological approach to increase thermogenesis using BAT. Further, given the extensive weight loss in this study, future studies may also consider the weight loss threshold needed to see these effects. Delany et al. [95•] This study compared each component of energy expenditure in lean and obese individuals. Total daily (TEE), Resting (REE) and Activity (AEE) energy expenditure were all elevated in obese individuals. After
There was no indication of metabolic efficiency in even the severely obese, as adjusted REE was similar across all groups. The study demonstrated a lower volume of physical activity in the obese, and the total time spent in moderate-to-vigorous physical activity and average daily metabolic equivalent of task level were lower with increasing obesity. These findings demonstrate that high body weight in obese individuals leads to a high TEE and AEE, which masks the fact that they are less physically active, which can be influenced by duration or intensity of activity, than in lean individuals. St.Onge et al. [96•] Normal weight adults who regularly slept 7-9 h/night were recruited to participate in a crossover inpatient study. All participants were studied under short (4 h/night) and habitual (9 h/night) sleep conditions. Participants consumed more (~300 kcal) energy during short sleep days. This effect was mostly due to increased consumption of fat. Resting metabolic rate and total energy expenditure did not differ significantly between sleep phases.
This data indicates that a reduction in sleep can increase energy and fat intakes, which may explain the associations observed between sleep and obesity. The increase in energy intake was not compensated by increased energy expenditure. Other research from the same group indicates that sleep quality is also compromised by reducing sleep duration, and this also relates to changes in food preferences and intake. Given this was an inpatient study, more research is needed to examine the impact of reduced sleep on free-living activity patterns. Britton et al. [97•] The study prospectively assessed whether moderate-and vigorous-intensity as well as total leisure-time physical activity (LTPA) were associated with the risk of becoming either overweight or obese using a prospective cohort design of 19,003 women enrolled in the Women's Health Study. During a median follow-up of 11.6 years, 7,865 women became overweight/obese. Both vigorousintensity and total LTPA showed a modest inverse relationship with the development of overweight/obesity. A greater percentage of total LTPA spent performing vigorous intensity activities was associated with a lower risk of overweight/obesity.
In women who performed ≥50% of their total LTPA as vigorous-intensity activities, the hazard ratios (95% CI) for the multivariable-adjusted model was 0.82 (0.77-0.88), and was attenuated, but remained significant after adjustment for baseline BMI, 0.92 (0.86-0.99). The Authors concluded that higher amounts of total LTPA should be encouraged to prevent obesity in individuals were such activities are not contraindicated. This adds to the growing body of evidence that well-designed programs of high-intensity interval training is tolerable for untrained and obese individuals, and provides additional benefits over low-and moderate-intensity training [98
Caprio has reviewed three studies published in the New England Journal of Medicine (2012;367) providing evidence that consumption of sugar-sweetened beverages may influence the development of obesity in different age groups.
The implications from these studies are:
(1) Participants with a greater genetic predisposition may be more susceptible to the adverse effects of sugarsweetened beverages on obesity. However this interaction is apparent only when a score is calculated from multiple genetic variants. As noted by Caprio, the mechanisms accounting for the observed interaction are not provided by the study. However, the findings suggest there may be merit in interventions aimed at reducing the intake of sugary drinks to reduce the risk of obesity, to be particularly targeted at individuals with a high geneticpredisposition score.
[1] Qi et al. (2012;367:1387-1396 ) examined the interaction between the intake of sugar-sweetened beverages and a genetic-predisposition score that was calculated on the basis of 32 body-mass index (BMI) loci associated with obesity in women and men from two large prospective cohorts and in an independent replication cohort. This study provided evidence that there is a significant interaction between intake of sugar-sweetened beverages and a genetic-predisposition score, obesity, and the risk of obesity.
(2) The fact that a reasonable proportion of the cohort did not complete the study is recognised to be a limitation for the interpretation of the data. However, for the time they were enrolled, their responses matched that of the completers. Another important feature of the design was that the 18-month study duration ensured that the observed effect was not transient. The assumption that the mean changes in other factors that affect weight were also similar between the groups is not well justified. However, the results provide promise that weight gain from sweet beverage consumption may be offset by replacement with noncaloric beverages. (3) The provision of noncaloric beverages was found to virtually eliminate reported consumption of sugarsweetened beverages and reduce total reported energy intake among overweight and obese adolescents after a 1-year intervention. The Authors acknowledged that the those from excess energy stores [31] . While we are biologically predisposed to store energy, when the energy surplus is supplied at a high rate, as is often the case in experimental models (e.g., 1000 kcal/day excess) [9, 74] , there is some weak biological compensation which results in a somewhat less-than-expected weight gain. However, the weight gain efficiency in studies with a large and constant energy excess likely underestimates the conversion seen with the more modest overconsumption reflecting the 'creeping obesity' that is characteristic of population weight gain. Further, while studies examining weight gain via experimental manipulation are valuable [9, 64, 74] , they cannot inform us on the relative influence of biological mediators of metabolic rate versus behavior on the energy imbalance leading to usual (non-experimental) weight gain. The "energy gap" calculation proposed by Hill et al. [75] , used longitudinal epidemiological data to calculate the energy imbalance associated with the average weight change in a population at two time periods. Thus, the often quoted 100 kcal/day "energy gap" value represents the estimated energy imbalance needed to maintain the mean weight change in a population over time. However, using the same approach and assumptions as Hill et al. [75] , Butte and Ellis [76] found a deficit of 342-502 kcal/ day would be required to prevent further weight gain in 90 % of overweight children. Similarly Wang et al. [77] , using data of 12-17 year olds, calculated that the "energy gap" associated with the population weight gain in adolescents ranged from 678 to 1017 kcal/day. Using values derived from a database of doubly labelled water (DLW) measures [78] , Bouchard [21] identified the "energy gap" in adults to be >329 kcal/day imbalance for each 5 unit increase in BMI. More recently, Swinburn et al. [79] pooled data from cross-sectional studies with DLW measures of total daily energy expenditure and with data of participant age, sex, height and weight, modeled the "energy gap" (referred to as the energy flux gap) that was theoretically needed to maintain the≈3 kg weight gain per decade in U.S. adults since the 1970s. The derived models indicated that the energy imbalance was≈400 kcal/day.
There are a number of limitations in these epidemiological studies or those using pooled samples, as numerous assumptions must be made and much information about the cohort is not available.
However, well-controlled, naturalistic longitudinal studies with access to gold-standard methods to measure biology and behavior over a period where weight may be gained at a usual rate are logistically difficult, if not impossible, to undertake. A substitute design is to follow cohorts who have never been overweight, as well as others who have lost weight previously, but exhibit no obvious differences in metabolic phenotype. Weinsier assigned 224 overweight/obese adolescents who regularly consumed sugar-sweetened beverages to experimental and control groups. The experimental group received a 1-year intervention consisting of home delivery of noncaloric beverages. The difference in the primary outcome, the change in BMI at 2 years between the experimental and control groups, was not significant. At 1 year, significant changes in BMI were observed, particularly among Hispanic participants, but were modest, occurring mainly in a very small number of obese Hispanic adolescents, and they were not sustained at 2 years.
et al. [80] identified women who had gained versus maintained weight over a 12-month period, and found that the 'gainers' had a lower AEE, a lower physical activity level, and less muscle strength; with the differences between groups significant from baseline to follow-up. Importantly, these factors are potentially modifiable through changes in patterns of daily living. In contrast, sleeping energy expenditure, exercise economy, and sleeping or 24-h substrate utilization were not significantly different between the two groups. The lower AEE in the gainers explained approximately 77 % of their greater weight gain after 1 year, suggesting a much stronger influence than dietary intake. Schoeller et al. reported similar findings in another follow-up study of previously obese women [81] . The National Weight Control Registry, established in 1993 to examine characteristics of successful weight-loss maintainers, is the largest ongoing study of individuals who have successfully maintained weight loss of at least 13.6 kg for a minimum of 1 year [82] [83] [84] [85] [86] . Collectively, the results have emphasized the importance of healthy lifestyle behaviors to long-term weight maintenance, and avoiding recidivism. Behaviors such as: reduced television watching (≤ 5 h/ wk), eating a relatively low-fat diet, eating breakfast almost every day, weighing regularly, and engaging in high levels (about 1 h/day) of physical activity, were strongly related to preventing weight regain. These finding provide support for the importance of behavior in countering weight gain, especially if this cohort of individuals with a history of overweight and obesity has a genetic predisposition. However, again much of the data is from self-report methods.
Conclusions from the Foresight report were that research into the metabolic aspects of energy expenditure in humans has yielded little to explain weight gain [87] . It was proposed that in controlled experimental conditions in which lean and obese individuals are over-or underfed, there are similar rates of weight gain or loss [88] , and therefore physiological differences between people are not the root cause of obesity [5] . However, not all researchers would concur with these conclusions, particularly when diets of different macronutrient content are considered [89] .
Galgani and Ravussin [25] reviewed the data from longitudinal studies of weight gain in the Pima Indian population in Arizona, which has a high prevalence of obesity and weight gain is common among young adults. In these studies, four metabolic measures were found to be predictive of weight gain: low REE, low spontaneous physical activity, low sympathetic nervous system activity, and low fat oxidation. Collectively, these four predictors explained approximately 30 % of the variability in weight gain in Pima Indians [25] . Whether all of these factors should be considered independent to behavior may be debated. In any case, in this genetically obesity-predisposed cohort, there remains 70 % of the weight gain variance unexplained by the biological variables measured. A large proportion of the remainder is very likely behavioral.
The available research data examining the biology and behavior of weight gain is extensive, and we have provided no more than a brief review. There are numerous candidates vying for selection as central players in the etiology of positive energy balance and weight gain. In Table 1 we have provided a commentary of the relevance and significance of a small selection of recent research papers that propose possible determinants of weight gain. It is important to note, that the line between biology and behavior is not always a clear differentiation.
Conclusions
While body weight regulation involves both biological and behavioral factors, what plays the primary role in enabling a positive energy balance remains unclear. It is very likely that as there are different 'obesities', there are different factors playing the leading role in causing the energy imbalance that leads to weight gain. In this paper we provide evidence to support the argument that biology indiscriminately dictates it is easier to gain than to lose weight, and that variance in the size of the defense is also biologically determined. However, the weight of evidence suggests that behavior is the stronger contributing factor explaining individual differences in weight gain. The extent to which these behaviors are driven by biological (genetic) signaling remains to be determined.
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